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ABSTRACT 
Numerical investigation have been performed by solving the conservation equations 
of mass, momentum, energy with two equation based k-e model to determine the 
wall temperature, outlet temperature and Nusselt number of an internally ribbed 
tube. It has been found from the numerical investigation that the heat transfer and 
pressure drop is increased by increasing the rib height and rib number. It was also 
found that there exists an optimum angle of inclination for maximum heat transfer 
and minimum pressure drop. The heat transfer is found to be highest in triangular 
rib compare to other shape. 
Keywords: ribbed tube, Nusselt number, pressure drop, optimum 
Introduction 
Internal ribs are extensively used in internal surfaces of heat exchangers tube to 
improve the heat transfer rate. These ribs break the laminar sub-viscous boundary 
layer formed on the heated surface and create artificial turbulence around the ribs 
region. Due to this artificial turbulence the heat transfer to the fluid is increased 
and the wall temperature falls significantly. The heat transfer and fluid flow 
characteristics of internal ribs significantly depends on ribs geometry and ribs 
number. 
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Considerable research works have been conducted both numerically and 
experimentally to study the heat transfer and fluid flow characteristics of different 
types of duct having internal ribs. Webb et al. [1] developed correlations for heat 
transfer and friction factor for turbulent flow inside the tube having repeated ribs 
which are based on heat-momentum transfer analogy to a flow over a rough surface. 
Those correlations were compared with experimental data and it was found that 
those correlations were superior to other methods, especially in accounting for 
the effect of Prandtl number. A Particle Image Velocimetry (PIV) measurement 
have been conducted Wang et al. [2] to study the performance of a channel with 
periodic ribs on one wall for a Reynolds number 22000 based on the bulk mean 
velocity and channel height. It was found from the study that the maximum 
Reynolds shear stress occurred at the leading edge of the rib because of ejection 
motions. Numerical investigation performed by Hossainpour and Hassanzadeh [3] 
to determine the heat transfer and fluid flow characteristics for a turbulent flow 
inside a tube having helical ribs. They concluded that by providing helical ribs there 
is a significant effect on heat transfer augmentation and pressure drop. Numerical 
and experimental investigations were conducted by Peng et al. [4] to determine 
the convection heat transfer in a channel with 90° ribs and V-shaped ribs. They 
concluded that the overall thermal and hydraulic performance of V-shape ribs was 
better than 90° ribs. Experimental investigation have been performed by Wen-Tao 
et al. [5] to determine heat transfer and friction factor in an internally grooved tube 
for a turbulent flow condition. They have developed correlations to determine the 
heat transfer which is very helpful for engineering design. Yadav and Bhagoria [6] 
conducted numerical investigation for turbulent flow to study the effect of circular 
ribs placed at the inner side of a duct with different height. They concluded that 
the thermo-hydraulic performance was best at a particular rib pitch to rib height 
(P/e = 10.71). Yongsiri et al. [7] concluded from the numerical investigation, 
inclined detached ribs with inclination angle 60° and 120° had higher heat transfer 
and thermal performance compared to other inclination angle for high Reynolds 
number flow. Experimental investigation performed by Shivkumar et al. [8] for a 
divergent rectangular duct having different sized square ribs to study thermal and 
fluid flow characteristics. It was found that rib with 3 mm height had highest heat 
transfer rate compared to 6 mm and 9 mm height ribs and the pressure drop with 
6 mm and 9 mm rib height was more than with 3 mm height rib. Experimental 
investigation also shows for a rectangular duct the thermal performance is better in 
case of wedge shaped ribs and V-shaped ribs compare to a smooth duct (Aharwal 
etal. [9], Pankaj et al. [10]). 
From the earlier works cited in the literature, there is a clear evidence that 
the thermal performance is improved by providing internal ribs inside the duct. 
In the present work the heat transfer and fluid flow characteristics of an internal 
ribbed tube have been numerically analyzed for a flow which is assumed to be 
turbulent and is developing in nature. The mass flow rate inside the ribbed tube 
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is maintained 0.0196 kg/s and the nominal diameter of the tube is 0.07 m. So the 
corresponding Reynolds number based on the nominal diameter is 20000 and the 
entrance length was found to be 1.6 m. In the present investigation the tube length 
is considered to be 1 m, which indicates the flow is not fully developed rather it is 
developing in nature and it is only developed by 65%. The ribs have been attached 
at the inside wall of a tube and the heat transfer and fluid flow characteristics have 
been investigated by varying the rib number, shape and size. All the computations 
have been performed using Fluent 14 for different flow conditions to determine 
the maximum heat transfer. 
Mathematical Formulation 
The computational investigation is carried out for an internally finned tube of 
diameter, D and length, L as shown in Figure la. Air is allowed to enter into 
the tube from one end at room temperature where as the other end is exposed to 
the surrounding atmosphere. Ribs are attached at the inner wall of the tube. The 
investigation is initiated with the semi-circular ribs of radius r as shown in Figure 
1 a and subsequently the rib number, shape and sizes have been changed while the 
mass flow rate of air inside the tube was kept constant. The flow field in the domain 
would be computed by using incompressible, 2D axi-symmetric, Navier-Stokes 
equations with a two equation based k-e turbulence model along with the energy 
equations. The fluid used in the simulation is air, at temperatures of 300 to 500 K 
and the flow is treated to be incompressible. 
H L H 
Wall Semi-circular 
(No dip and Internal ribs 
constant heat flux) V^v 
Inlet 
(Velocity **** 
inlet) 
Outlet 
(Pressure 
outlet) 
Figure 1: (a) Tube with rectangular internal ribs and (b) Computational domain 
of tube with internal ribs and the boundary conditions applied to it 
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Governing equations 
The governing equations for the above analysis can be written as: 
Continuity 
d 
ax.. 
(pUi) = 0 (1) 
Momentum 
D{put)= dp | d 
Dt dxt dxj M 
—
L + — -
dxj dxt 
-putUj (2) 
= RT (2a) 
Variable R is the characteristic gas constant and is equal to 0.287 kJ/kg-K for air. 
The density r is taken to be a function of temperature according to ideal 
gas law as per eqn. (2a), while dynamic viscosity m is kept constant and —uu 
is expressed as: 
-uiUj=2-SiJ, StJ=-
dUi dUj 
v 8xj a*,. (3) 
Energy Equation 
D{pT)
 = 8 
Dt dx, 
JL + Jh. 
Pr Pr, 
dT 
i J dx, 
(4) 
Conduction Equation 
d (, dT k— 
\ 
dxt V dxiJ 
= 0 (5) 
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Turbulence Kinetic Energy - k 
dxj p dxj 
(6) 
Where S is the modulus of the mean rate-of-strain tensor, defined as 
Rate of Dissipation of A 
/ 
u.^-=£-
3
 dxt k v 
Cu^S2-C2ee 
d 
+ — 
dxj 
r i r 
.^v 
* + * • 
6e 
fa; s J ""J 
(7) 
(8) 
|at is expressed as 
(9) 
a, and a are the Prandtl numbers for k and e. 
k e 
The constants used in the above k-e equations are the following: 
Cu=l.44;C2s =1.92;C =0.09;cr, =1.0;<r, =1.3,Pr t=l 
Boundary Conditions 
The boundary conditions for ribbed tube have been shown in Figure lb. The tube 
walls are solid and have been given a no-slip and constant heat flux boundary 
condition. Pressure outlet boundary condition has been imposed at the outlet of the 
tube where as velocity inlet boundary condition has been employed at the entrance 
where the air was allowed to enter into the tube at room temperature. Ribs are solid 
and fixed at the inner wall of the tube, so no-slip and coupled boundary condition 
has been applied to all the surfaces of the ribs lying inside the tube. As the ribs are 
placed symmetrically at the inner surface of the tube so, axi-symmetric boundary 
condition has been used. 
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At the pressure outlet boundary, the velocity will be computed from the local 
pressure field so as to satisfy continuity but all other scalar variables such as, T, k 
and e are computed from the zero gradient condition, Dash [11]. 
The turbulent quantities, k and e, on the first near wall cell have been set 
from the equilibrium log law wall function as has been described by Jha and Dash 
[12, 13] and Jha et al. [14]. Generally the k-e turbulent model is performed well 
for confined flows where Reynolds shear stresses are most important (Versteeg and 
Malalasekera, [15]). The turbulent intensity at the inlet of the tube has been set to 
2%, with the inlet velocity being known, and the back flow turbulent intensity at 
all the pressure outlet boundary have been set to 5%. If there is no back flow at a 
pressure outlet boundary then the values of k and e are computed from the zero 
gradient condition at that location. 
Computations of some important heat transfer and fluid flow parameters 
The heat transfer and fluid flow parameters are computed as given in Islam and 
Mozumder [16] and Yu et al. [17]. 
Local Nusselt number for the ribbed heated tube. 
KD Nux=^— (10) 
Kair 
Local heat transfer coefficient has been computed as. 
hx=—2— (ID 
Ta~TBx 
Where hx, D, kair, T and TBx are respectively, the local heat transfer 
coefficient, internal nominal diameter of tube, thermal conductivity of air, 
local tube wall temperature and local bulk temperature of fluid. 
T B x = T i + l ^ x 02) 
mcp 
T., q, Pn, x, C and rh are respectively, inlet fluid temperature, wall 
heat flux, nominal perimeter, axial position, specific heat and mass flow 
rate of fluid. 
m = pVinA (13) 
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p, Vin and A are the density, inlet fluid velocity and area of tube at the inlet 
respectively. 
The Reynolds number has been computed based on nominal diameter 
of the tube based on inlet flow temperature and is given by 
Re=KlD = 4m (14) 
Kir MP 
vair is the kinematic viscosity of air based on inlet condition 
h D 
* _ = • i 
avg rp _rp 
savg Bavg 
(16) 
T = i ± _ _ (17) 
Bavg 
YT 
T =_tl (18) 
savg 
Where Nu , h , T and TD are respectively, the average Nusselt 
avg' avg' savg Bavg * J ' ° 
number, average heat transfer coefficient, average wall temperature and 
average bulk temperature. 
/,=2AP^4r (19) 
Where f, DP, r and x are local friction factor, static pressure difference from 
entrance to a distance x in the downstream from the entrance, density and axial 
distance along the tube respectively. 
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Numerical Solution Procedure 
Steady two-dimensional axi-symmetric equations of mass, momentum, energy and 
turbulence have been solved by the algebraic multi grid solver of Fluent 14 in an 
iterative manner by imposing proper boundary conditions. A first order upwind 
scheme (for convective variables) was considered for momentum as well as for 
the turbulent discretized equations. After a first-hand converged solution could be 
obtained the scheme was changed over to second order upwind scheme. However, 
before switching to the higher order scheme the meshes near the tube wall and near 
the fin surface area were refined to half of its original size. As the density is taken 
as a function of temperature according to ideal gas equation therefore SIMPLE 
algorithm with PRESTO (Pressure Staggered Option) scheme has been used for 
better convergence. Under relaxation factors (0.3 for pressure, 0.7 for momentum 
and 0.8 for k and e) were used for the convergence of all the variables. Convergence 
of the discretized equations were said to have been achieved when the whole field 
residual for all the variables fell below 10~3 except energy equation and for energy 
equation residual was set 106. 
Results and Discussion 
Grid sensitive test: 
Grid sensitivity test has been shown in Figure 2 for a sample case of internal ribbed 
tube. The tube length and diameter were considered (with reference to Islam and 
Mozumder [16]) to be 1 m and 0.07 m respectively and the wall of the tube is 
subjected to a constant heat flux of 3000 W/m2. Five numbers of semi-circular 
ribs of radius 10 mm have been attached to the internal wall of the tube. Initially 
coarse grids have been used and subsequently cells were refined and it was seen 
that after refining the entire meshes inside the tube from 500 to 9000, the outlet 
temperature was decreased by 1%. After that the cells near the walls of the tube 
and ribs were refined (a cutaway view of the tube can be seen from Figure 3) so 
that the mesh number increased to 15000. It was found that after increasing the 
cells more than 9000 the outlet temperature was not changed significantly. As the 
finer grids do not improve the outlet temperature, one can use 9000 cells (little 
larger grid corresponding to 9000 number of cells) for better results. When the 
shape and size of the internal fins were changed the grid test was performed before 
reporting any results. 
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temperature is dropped more and more. This suggests the heat transfer to air is 
increased with increase in the height of the rib. The case is more prominent in Figure 
5, where the outlet temperature is increased with the height of the rib and more heat 
is transferred to air. It is also observed from the Figure 5 the outlet temperature 
has no significantly increment for r/D ratio above 0.225. It can be seen from the 
Figure 4 the wall temperature rise sharply towards the end of the tube for r/D ratio 
0.28 and 0.35; this suggests the heat transfer from the heated wall is progressively 
reduced towards end of the tube due to the growth of boundary layer. As a result the 
exit temperature of the tube does not improve significantly for r/D beyond 0.225. 
1.7 
1 , 6
 I 
1.5-j d 
1.2-J 
1.1 J 
1.04 
q = 3000 W / m \ L = 1 m 
D = 70 mm. m « 0.0190 kg/s 
— I — 
0.0 0 . 2 0.4 0.6 
X/L 
0.8 
— i — 
1.0 
Figure 4: Wall temperature as a function of radius of semicircular rib height 
middle half of the tube. It can be seen from the plot the wall temperature 
< . 
118-
117-
116-
118-
114-
113-
112-
/ 
/ 
/ 
/ qs3000W/m* fL = 1m 
• 0 * 70 mm, m » 0.0106 kg/s 
1 1 r — i 1 , 1 1 1 , 1 1 1 — 
' 
I 1 1 r—H 
-0.05 0.00 0.08 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
r/D 
Figure 5: Outlet temperature as a function of radius of semicircular ribs 
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1.128-r 
1.126-1 
1.1244 
t | 1.122-1 
1.120J 
1118J 
1.116 J , , ! , , , , , , , , r 
0 3000 6000 9000 12000 15000 
Call Number 
Figure 2: Outlet temperature as a function of cell number 
Figure 3: Cutaway of the meshes in and around the semi circular rib 
Rib height: 
Wall temperature distribution as a function of rib height has been shown in the 
Figure 4. The rib is semi-circular in shape and attached to the wall at the initially 
was raised up to half of the tube where the rib is present and after that it suddenly 
dropped to a low temperature and in the downstream of rib the wall temperature 
is below compared to the plain tube. The rib creates an obstruction in flow, as a 
result of that the wall temperature sharply raised at the upstream of the rib and 
due to better turbulent mixing just after the rib the temperature is sharply dropped. 
It is also visualised from the plot when the height of the rib is increased the wall 
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Rib number: 
The effect of rib number on wall temperature has been shown in the Figure 
6. The present numerical investigation the rib numbers was changed and its effect 
on wall temperature has been compared with plain tube. It can be seen from the 
plot the as the rib numbers are increased the average wall temperature decreases. 
This clearly indicates by providing more number of ribs the heat transfer to the air 
increases. This is also clearly visualised from Figure 7 where the Nusselt number 
is found to be more in case of higher numbers of ribs. Similar results were also 
found in Figure 8 when the shape of the ribs was changed from semi circular to 
rectangular. Here the average wall temperature is low for more number of ribs. 
1.8 
1.7 
1.6 
* 
1.5 
1.4 
1.3 
1.2 
1.1-1 
1.0 
- Plane tube 
- one semicircular rib 
• five semicircular ribs 
- ten semicircular ribs 
q = 3000 Wm2, L = 1 m, D=70 mm 
r= 10 mm, rh = 0.0196 kg/s 
0.0 0.2 0.4 _ 0.6 0.8 1.0 
x/L 
Figure 6: Wall temperatures as a function of number of semicircular ribs 
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Figure 7: Nusselt number as a function of number of semicircular ribs 
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Figure 8: Wall temperatures as a function of number of rectangular ribs 
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q = 3000 Wm2, L = 1 m, D = 70 mm 
m = 0.0196 kg/s, h = 10 mm, t = 5 mm 
• Plane tube 
• One rectangular rib 
• Five rectangular ribs 
• Ten rectangular ribs 
0.0 0.2 0.8 1.0 0.4 0.6 
x/L 
Figure 9: Centreline pressure as a function of number of rectangular ribs 
So by providing more number of ribs, better turbulent mixing of the fluid 
would be achieved inside the tube which results in low wall temperature. Though 
the wall temperature is reduced considerably by providing more number of ribs, but 
the centreline pressure (Figure 9) is found to be high. This indicates more pumping 
power is required to deliver same amount of fluid. 
Rib inclination angle: 
Rib inclination angle plays crucial role in heat transfer. The present numerical 
investigation is carried out for five number of rectangular ribs with inclination 
angle (a) 45°, 90° and 135° with respect to the direction of flow as shown in the 
Figure 10. It can be seen from the plot the wall temperature is comparatively low 
for rib inclination angle 45° than other rib inclination angle which suggests the heat 
transfer to air is maximum at 45° inclination angle. The effect of increase in heat 
transfer is also clearly visible in Figure 11, where the Nusselt number is higher in 
case of 45° rib inclination angle. This means the convective heat transfer increases 
because of higher turbulent mixing when the ribs are inclined towards the upstream 
of flow. It is seen from Figure 12, the centreline pressure is low for 45° and 135° 
rib inclination angle compared to 90°. So power loss due to the friction is low and 
less pumping power is required to deliver the same quantity of fluid. 
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Figure 10: Tube wall temperatures as function rib inclination angle 
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Figure 11: Tube wall temperatures as function rib inclination angle 
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Figure 12: Tube centreline pressure as function rib inclination angle 
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Figure 13: Tube wall temperatures as function shape of the ribs 
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Figure 14: Nusselt number as function shape of the ribs 
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Figure 15: Tube Centreline pressure as function rib shape 
The effect of rib shape on wall temperature has been shown in Figure 13. 
Five numbers of ribs of height 10 mm has been attached to the tube wall. The 
shape of the ribs in the present numerical investigation has been considered to be 
rectangular, semicircular, trapezoidal and triangular. It can be seen from the plot the 
wall temperature is low for triangular ribs, which implies the heat transfer more in 
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case of triangular ribs. This can be more prominently visualised in Figure 14, which 
shows the Nusselt number is high for triangular ribs. In triangular ribs the mixing 
of the fluid is better due to sharp edge and corner and heat transfer coefficient is 
high due to this turbulent mixing. But, it can be seen from Figure 15 the centreline 
pressure is high for triangular ribs because of sharp corner and edges. 
Conclusion 
The wall temperature, tube outlet temperature and pressure drop for an internal 
ribbed tube have been computed by solving the conservation equations for mass, 
momentum and energy with two equation based k-e turbulence model. The wall 
temperature decreases with the rib height and rib number. But the pressure drop is 
increased with the rib number. The heat transfer is found to be highest when the rib 
inclination angle is 45° with respect to the flow direction where the pressure drop is 
significantly less. The heat transfer rate was found to be highest in triangular ribs. 
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